ABSTRACT Mammalian fertilization is a complex multi-step process mediated by different molecules present on both gametes. CRISP1 (cysteine-rich secretory protein 1) is an epididymal protein thought to participate in gamete fusion through its binding to egg-complementary sites. Structure-function studies using recombinant fragments of CRISP1 as well as synthetic peptides reveal that its egg-binding ability resides in a 12 amino acid region corresponding to an evolutionary conserved motif of the CRISP family, named Signature 2 (S2). Further experiments analyzing both the ability of other CRISP proteins to bind to the rat egg and the amino acid sequence of their S2 regions show that the amino acid sequence of the S2 is needed for CRISP1 to interact with the egg. CRISP1 appears to be involved in the first step of sperm binding to the zona pellucida, identifying a novel role for this protein in fertilization. The observation that sperm testicular CRISP2 is also able to bind to the egg surface suggests a role for this protein in gamete fusion. Subsequent experiments confirmed the participation of CRISP2 in this step of fertilization and revealed that CRISP1 and CRISP2 interact with common egg surface binding sites. Together, these results suggest a functional cooperation between CRISP1 and CRISP2 to ensure the success of fertilization. These observations contribute to a better understanding of the molecular mechanisms underlying mammalian fertilization.
Introduction
Fertilization in mammals is a complex process that requires the successful completion of a series of orchestrated steps. Although sperm released from the testis are fully differentiated cells, they are not capable of fertilizing an egg. To become competent to fertilize, sperm must undergo several physiological changes during their transit through the male and female reproductive tracts, known as epididymal maturation and capacitation (Yanagimachi, 1994) . Once in the proximity of the egg, sperm must pass through the cumulus cells that surround the egg, bind to and penetrate the zona pellucida (ZP) and, finally, fuse with the egg plasma membrane. Most of these events involving cell-tomatrix and cell-to-cell interactions are mediated by specific molecules present on both gametes. One of these proteins is rat epididymal protein DE, described by our laboratory more than thirty years ago (Cameo and Blaquier, 1976) , and also known as CRISP1 for being the first identified member of the highly conserved Cysteine-RIch Secretory Protein (CRISP) family. CRISP proteins have molecular weights of about 20-30 kDa and are characterized by the presence of sixteen conserved cysteine residues, ten of which are clustered in the C-terminal domain of the molecule. Other members of the family have been identified in different mammalian tissues: CRISP2, synthesized exclusively in developing spermatids in the testes (Hardy et al., 1988; Kasahara et al., 1989) , CRISP3, with a wider tissue distribution than the other CRISPs including reproductive (prostate and ovary) and non-reproductive (salivary gland, pancreas, thymus and colon) organs (Haendler et al., 1993; Kjeldsen et al., 1996; Udby et al., 2005) , and the more recently described CRISP4, exclusively expressed in the epididymis (Jalkanen et al., 2005; Nolan et al., 2006) . Other non-mammalian members of the family are present in the venoms of various snakes, lizards and snails (Milne et al., 2003; Morrissette et al., 1995; Yamazaki and Morita, 2004) , and in eggs and embryos from Xenopus (Olson et al., 2001; Schambony et al., 2003) . More distantly related proteins such as plant pathogenesis related 1 (PR-1) proteins, insect allergens (V5) and human Golgi-associated plant pathogenesis related protein (GAPR-1), exhibit significant homology to the N-terminal domain of CRISPs (Fernandez et al., 1997; Henriksen et al., 2001; Serrano et al., 2004) . These proteins are grouped into the CAP (CRISP/Antigen5/PR-1) superfamily. The crystallographic analysis of several CRISP family members revealed that CRISPs are modular proteins comprising two domains. The N-terminal region of these proteins contains the plant pathogenesis-related (PR-1) domain which is connected by a short hinge to the cysteine-rich domain (CRD) in the C-terminal region (Guo et al., 2005) . The PR-1 domain is present in all CAP superfamily members whereas the CRD is only present in CRISP proteins.
Evidence obtained during the last years indicates that CRISP members exhibit diverse biological functions through as yet unknown molecular mechanisms. The present article will focus on the results obtained in our laboratory aimed at studying the participation of CRISP proteins in the mammalian sperm-egg interaction process.
Epididymal CRISP1
Rat CRISP1 (rCRISP1) is synthesized in an androgen-dependent manner by the proximal segments of the epididymis, and associates with the sperm surface during epididymal maturation (Kohane et al., 1980a; Kohane et al., 1980b) . Originally localized in the dorsal region of the sperm head, rCRISP1 migrates to the equatorial segment as the acrosome reaction occurs (Rochwerger and Cuasnicu, 1992) . The relocation of the protein to the region through which the sperm fuses with the egg (Bedford et al., 1979; Yanagimachi, 1994) , opened the possibility for a role of rCRISP1 in sperm-egg fusion. The finding that exposure of zona-free rat eggs to purified rCRISP1 produced a significant reduction in the percentage of egg penetration without affecting the first step of sperm-egg binding supported the participation of this protein in an event subsequent to binding and leading to fusion . These observations also indicated the existence of complementary sites on the egg which were subsequently localized over the entire egg surface with the exception of the area overlying the meiotic spindle, a region through which fusion rarely occurs . Thus, while rCRISP1 is localized in the fusogenic region of sperm, the corresponding binding sites are localized in the fusogenic region of the egg.
The analysis of the amino acid sequence of rCRISP1 revealed it exhibits a significant 70% identity with mouse epididymal CRISP1 (Haendler et al., 1993; Mizuki and Kasahara, 1992) . Results from our laboratory showed that this homologous protein also participates in sperm-egg fusion through its interaction with complementary sites on the surface of the mouse egg (Cohen et al., 2000a) . In humans, a protein with 40% identity to rCRISP1 has been described (hCRISP1) (Hayashi et al., 1996; Kratzschmar et al., 1996) . The absence of a protein more related to rCRISP1 in humans, together with the epididymal origin, molecular weight, and localization of hCRISP1 on the sperm head (Hayashi et al., 1996) , led us to investigate its potential participation in human gamete fusion. Results using the hamster oocyte penetration test, showed that incubation of human sperm with an anti-hCRISP1 antibody produced a significant decrease in the sperm ability to penetrate the eggs without affecting any other sperm functional parameter . These observations and the presence of binding sites for hCRISP1 on the surface of zona-free human eggs , supports the idea that hCRISP1 could be the functional homologue of rCRISP1 in humans.
The results obtained indicated that rCRISP1 and its functional homologues in both mouse and human participate in a loosely bound population, released from sperm during capacitation (CAP) and proposed to act as a decapacitation factor (green dots), and a tightly bound population that remains on sperm after capacitation, migrates to the equatorial segment (ES) with the acrosome reaction (AR), and participates in gamete fusion (pink dots). These biological functions reside in different domains of the protein: the egg binding ability is mediated by the S2 region contained in the PR-1 domain, whereas the potential decapacitation activity might be exerted by the ion-channel regulating activity within the CRD.
surface. However, the molecular mechanisms involved in these interactions remained unknown. Structure-function studies using a recombinant CRISP1 (recCRISP1) protein expressed in a prokaryotic system showed that the activity of the protein does not involve carbohydrates, and resides in the polypeptide region of the molecule (Ellerman et al., 2002) . However, rCRISP1 does not present any known functional domain that could explain its involvement in gamete fusion. The evaluation of the biological activity of a series of recombinant fragments of rCRISP1 circumscribed the egg-binding activity of the protein to a region of 45-amino acids (114-158) (Ellerman et al., 2006) . Interestingly, the analysis of this region revealed it contains the two feature motifs of the CRISP family named Signature 1 (S1) and Signature 2 (S2). To investigate whether these motifs were involved in the egg binding ability of rCRISP1, two synthetic peptides with the amino acid sequence corresponding to each of the motifs were produced (P1 and P2) and examined for their ability to both interact with the egg and inhibit gamete fusion. Results showed that only P2 was capable of binding to the egg and interfering with gamete fusion. The lack of egg labeling and fusion inhibition observed with a peptide containing the same amino acids than P2 but in a different order (scrambled P2) confirmed the relevance of the S2 region for the binding of rCRISP1 to the egg (Ellerman et al., 2006) .
Considering the two structural domains of CRISP proteins, the egg-binding ability of rCRISP1 resides within the PR-1 domain of the molecule. The involvement of the CRD domain in other potential functions of CRISP1, however, cannot be excluded. Recent evidence indicates that CRISP proteins from snake venoms (Yamazaki and Morita, 2004) as well as mouse CRISP2 (Gibbs et al., 2006) , possess an ion-channel regulating activity located in the CRD. In this regard, it is interesting to note that rCRISP1 has been shown to have an inhibitory activity on rat sperm protein tyrosine phosphorylation (Roberts et al., 2003) , a capacitation-associated event which depends on the regulation of several ion channels (Visconti et al., 2002) . In view of this, it is likely that rCRISP1 acts as a decapacitation factor regulating ion channels through the CRD. These results are in agreement with previous observations from our laboratory revealing the existence of two populations of rCRISP1 bound to sperm: a major (70%) population loosely associated with sperm by ionic interactions, released from the cells during capacitation, and proposed to act as a decapacitation factor (Cohen et al., 2000b; Kohane et al., 1980b) , and a minor (30%), tightly bound population that behaves as an integral protein, remains on sperm after capacitation and corresponds to the protein that migrates to the equatorial segment and participates in gamete fusion (Cohen et al., 2000b) . According to all these observations, the biological roles of rCRISP1 would not only reside in different domains of the protein but would also be exerted by two different populations (Fig. 1) .
The fact that the egg-binding ability of rCRISP1 resides in an evolutionary conserved region of the protein raised the question as to how this common region might possess the necessary specificity for interacting with the different eggs. This was addressed by analyzing the ability of several CRISP proteins to interact with rat eggs in relation to the amino acid sequences of their corresponding S2 regions. While testicular mouse CRISP2 (mCRISP2) was capable of binding to the rat egg, hCRISP1 and helothermine (a CRISP from lizard saliva (Morrissette et al., 1995) ) were unable to recognize the rodent gamete. In correlation with this, the S2 region presented only two substitutions in mCRISP2, and four in both hCRISP1 and helothermine, when compared to the S2 in rCRISP1 (Fig. 2) . These results suggest that differences within the amino acid sequence of this region may be responsible for the specificity of the binding of each CRISP to its target egg (Ellerman et al., 2006) . To our knowledge, these results constitute the first evidence describing a functional role for the motif of the CRISP family and succeeding in delimiting the activity of a CRISP protein to such a small region.
While the findings described above support a role for CRISP1 in gamete fusion, circumstantial observations suggested that this protein might play an additional role in fertilization. The evidence came from in vivo observations showing that rat sperm exposed to a serum against rCRISP1 prior to uterine insemination exhibited a significantly reduced fertilizing ability (Perez Martinez et al., 1995) . Interestingly, the non-fertilized eggs did not accumulate sperm in the perivitelline space as expected for the blocking of a protein involved in gamete fusion, suggesting that the antirCRISP1 antibodies might have interfered with an event prior to sperm-egg fusion. In vitro fertilization experiments using zona- Zona-free rat eggs were incubated with 6 µM rCRISP1, mCRISP2, hCRISP1 or helothermine (HLTX), fixed and subjected to indirect immunofluorescence using the corresponding primary antibodies. Note the presence of a fluorescent labeling with a negative area in eggs incubated with rCRISP1 and mCRISP2. The amino acid sequences of the corresponding S2 regions are shown on the right. The distinct residues between each protein and rCRISP1 are underlined.
intact rat and mouse eggs revealed that the presence of either an anti-rCRISP1 polyclonal antibody or native rCRISP1 during gamete co-incubation produced a significant decrease in the percentage of fertilized eggs. In all the cases, no perivitelline sperm were observed, suggesting that the inhibitions had occurred at the sperm-ZP interaction level (Busso et al., 2007a) . The subsequent evaluation of the effect of anti-rCRISP1 or rCRISP1 on the number of sperm bound per egg indicated that the protein is involved in the initial step of sperm binding to the ZP (Busso et al., 2007a) . When recCRISP1 was present during gamete co-incubation, a significant inhibition in egg fertilization was also observed. However, differently to what it was found for the native protein, an increase in the number of perivitelline sperm was observed. In agreement with these results, indirect immunofluorescence experiments revealed that rCRISP1 was capable of binding to both the ZP and the egg plasma membrane, whereas recCRISP1 only bound to the egg surface. The failure of recCRISP1 to interact with the ZP indicated that carbohydrates and/or the protein conformation could be important for the association of rCRISP1 with the ZP. In this regard, the finding that deglycosylated rCRISP1 behaved as the untreated protein while a heat-denatured rCRISP1 associated only with the egg plasma membrane, indicated that the ability of the protein to bind to the ZP depends on the conformation of the protein rather than on its glycosidic moieties (Busso et al., 2007) .
Together, the results led us to propose the following model for the participation of CRISP1 during gamete interaction: CRISP1, localized on the dorsal region of capacitated intact sperm, participates in the first step of sperm binding to the ZP probably through a conformation-mediated mechanism. Then, the ZP induces the sperm acrosome reaction which triggers the migration of CRISP1 to the equatorial segment. Once localized in the fusogenic region of the sperm head, CRISP1 mediates gamete fusion through the interaction of its S2 region with the complementary sites on the egg surface (Busso et al., 2007a) .
Testicular CRISP2
CRISP2 was originally described as one of the primary autoantigens abundantly present within the guinea pig acrosome (Hardy et al., 1988) . In rat sperm, CRISP2 was found to exist as a component of the acrosome and the outer dense fibers of the tail (O 'Bryan et al., 1998; O'Bryan et al., 2001) , and it was recently proposed to play a role as a regulator of calcium influx through ryanodine receptors during capacitation (Gibbs et al., 2006) . Other groups reported the localization of CRISP2 on the surface of spermatogenic cells and postulated that the protein could be responsible for the interaction between germ cells and Sertoli cells (Maeda et al., 1998; Maeda et al., 1999) . Results from our group showed that in human and mouse sperm, CRISP2 is an intra-acrosomal protein that remains on sperm after the acrosome reaction, opening the possibility for a role of the protein in fertilization. The involvement of CRISP2 in human gamete interaction was evaluated by the hamster oocyte penetration test. The presence of a polyclonal antibody against CRISP2 (anti-CRISP2) during gamete co-incubation produced a significant and dosedependent decrease in the percentage of penetrated zona-free hamster oocytes without affecting sperm motility, the acrosome reaction or sperm binding to the egg plasma membrane (Busso et al., 2005) . As another approach to evaluate the participation of human CRISP2 in gamete fusion, the existence of complementary sites for this protein on the surface of human eggs was examined. Immunolocalization studies of zona-free human eggs exposed to bacterially-expressed recombinant CRISP2 (recCRISP2) revealed the presence of specific CRISP2-binding sites on these eggs (unpublished observations). Altogether, these results suggest that CRISP2 participates in human gamete fusion through its interaction with complementary sites on the egg surface. These results, and the finding that mouse CRISP2 was able to bind to the rat egg (see Fig. 2 ), suggested that CRISP2 could also participate in rodent gamete fusion through egg complementary sites. In agreement with this, the incubation of zona-free rat eggs with different concentrations of recCRISP2 prior to insemination produced a significant and dose-dependent decrease in the percentage of penetrated eggs compared to controls (unpublished observations). The observation that the S2 regions of CRISP1 and CRISP2 differed in only two amino acids suggested that both proteins might interact with the same binding sites on the egg. Indirect immunofluorescence competition studies in which zona-free mouse eggs were exposed to both CRISP1 and CRISP2 confirmed the existence of common egg complementary sites for the two proteins (Busso et al., 2007b) . In view of these results, the specific participation of CRISP2 in gamete fusion was studied using the anti-CRISP2 antibody which does not cross-react with CRISP1. Insemination of zona-intact eggs with capacitated sperm in the presence of anti-CRISP2 resulted in a significant decrease in the percentage of fertilized eggs accompanied by an increase in the number of perivitelline sperm per egg (Busso et al., 2007b) . These observations indicate an effect of the antibody at the sperm-egg membrane interaction level and support the specific participation of CRISP2 in gamete fusion.
Conclusions
Increasing evidence indicates the involvement of sperm proteins in more than one step of the fertilization process (Howes et al., 2001; Lin et al., 1994; Primakoff et al., 1985; Shur, 1993; Takano et al., 1993; Talbot et al., 2003) . According to our observations, CRISP1 would be an example of proteins playing multiple roles during sperm-egg interaction. These results, and the finding that testicular CRISP2 is also involved in sperm-egg fusion, support the idea of different roles for the same CRISP (Fig.  3 A,B) , and the existence of a functional cooperation between different CRISPs in the same fertilization event (Fig. 3 B,C) . Considering that sperm are transcriptionally inactive cells, it is possible that this functional redundancy of proteins in sperm has evolved as a mechanism to ensure the success of the fertilization process. In summary, our results support the involvement of CRISP proteins in gamete interaction contributing to a better understanding of the molecular mechanisms underlying mammalian fertilization.
